Purpose The aim of the study was to study whether the trophoblasts carrying unbalanced translocation 11,22 [t(11;12)] display abnormal expression of trophoblastic genes and impaired functional properties that may explain implantation failure. Methods t(11;22) hESCs and control hESCs were differentiated in vitro into trophoblast cells in the presence of BMP4, and trophoblast vesicles (TBVs) were created in suspension. The expression pattern of extravillous trophoblast (EVT) genes was compared between translocated and control TBVs. The functional properties of the TBVs were evaluated by their attachment to endometrium cells (ECC1) and invasion through trans-well inserts. Results TBVs derived from control hESCs expressed EVT genes from functioning trophoblast cells. In contrast, TBVs differentiated from the translocated hESC line displayed impaired expression of EVT genes. Moreover, the number of TBVs that were attached to endometrium cells was significantly lower compared to the controls. Correspondingly, invasiveness of trophoblast-differentiated translocated cells was also significantly lower than that of the control cells. Conclusions These results may explain the reason for implantation failure in couple carriers of t(11;22). They also demonstrate that translocated hESCs comprise a valuable in vitro human model for studying the mechanisms underlying implantation failure.
Introduction
The human blastocyst is composed of the inner cell mass (ICM), which will give rise to all the cells and tissues in the body, and the outer layer of trophectoderm cells that will give rise to the embryonic part of the placenta. Implantation of the blastocyst in the uterus is one of the first requirements of a successful pregnancy. The cells that take part in the initial stages of implantation are the trophoblasts that emanate from the embryo and the endometrial cells of the recipient mother. During implantation, the trophectoderm cells differentiate into mononuclear cytotrophoblasts which give rise to syncytiotro phoblasts and to extravillous trophoblasts (EVTs). The syncytiotrophoblasts are responsible mainly for gas and nutrient exchange and for the production/secretion of human chorionic gonadotropin (β-hCG) [1] . The EVTs invade the uterine stroma and establish the maternal-fetal interface [2] . Female infertility caused by implantation failure can be attributed to either maternal factors, such as a non-receptive uterus [3] , or to oocyte/embryonic factors, such as genetic, metabolic, or molecular abnormalities [4] . Women with repeated implantation failures (RIFs) have an increased incidence of chromosomal abnormalities, such as translocations, mosaicism, inversions, and deletions [5] . One of the chromosomal abnormalities is translocation, which is caused by rearrangement of segments between nonhomologous chromosomes [6, 7] . Carriers of chromosomal abnormalities have a high risk of creating aneuploid gametes, since chromatid segregation during the first meiotic division will result in about two-thirds of the gametes being genetically unbalanced, leading to unbalanced embryos. Most of these genetically abnormal embryos will either fail to implant or they will abort soon after implantation. The incidence of either of the parents being a carrier of a chromosomal abnormality, including translocation, has been reported to be between 2 and 8 % in couples with RIFs [8] [9] [10] , and 12.5 % of those miscarriages were the result of embryos with unbalanced translocations [11] .
There are several research models for studying implantation. The most common one is the targeted mouse mutations that cause placental defects, which significantly advanced our understanding of the genetic control of placental development and function [12] . Human in vitro models include choriocarcinoma-derived trophoblast cell lines (like JAR or JEG3 trophoblast cell lines) or primary trophoblast cultures derived from the placenta [13] . These models are mainly used to study embryo-endometrium interactions by creating trophoblast spheroids. Our understanding of human implantation and placental development is limited due to (1) the differences between mouse and human development, (2) the limited access to primary cytotrophoblasts which become nonproliferative after isolation, and (3) the fact that cell culture models are already committed to the trophoblast lineages and are thus inefficient for studying early lineage decisions. Therefore, additional research models for unraveling the molecular mechanisms underlying embryo implantation in humans are needed.
Human embryonic stem cells (hESCs) are an excellent in vitro tool for studying early stages of embryogenesis, including pre-and post-implantation stages as well as human placental development [14, 15] . hESCs are derived from the ICM of blastocyst-stage embryos and can be cultured indefinitely in vitro without losing their pluripo tency [16, 17] . On the other hand, they can be differentiated into virtually any cell type in the body, including extra-embryonic lineages (cyto-and syncytiotropho blasts) [18] [19] [20] , and can, therefore, serve as an invaluable tool for studying early stages of implantation. We have recently derived four hESC lines carrying unbalanced translocations known to be correlated with implantation failure [21] . Among them is the unbalanced reciprocal t (11;22) hESC line that harbors a partial monosomy, der(11) t(11;22) (q23;q12), the most common recurrent non-Robertsonian constitutional reciprocal translocation in humans, which has been reported in many unrelated families [22, 23] . We have recently reported that the unbalanced t (11;22) hESC line demonstrates impaired differentiation into trophoblasts, as evidenced by reduced and delayed secretion of β-hCG concomitant with impaired expression of trophoblastic genes [24] . Using the same unique translocated hESCs, the current study aims to further elucidate the molecular and functional properties of the trophoblasts in order to explain implantation failure in women with t(11;22).
Materials and methods hESC derivation and culture
Seven embryos diagnosed as having unbalanced translocation (11, 22) were plated, and one translocated hESC line was obtained [24] . The study protocol was approved by the Israeli National Ethics Committee (7/04-043), and the embryos were donated by the parents for derivation of hESC lines after they signed an informed consent. Three lines were used as control; Hues 64 and Hues 6 [25] , kindly provided by Dr. Douglas Melton (HSCI), as well as HEFX1 [26, 27] . Karyotype analysis was performed as previously described in depth elsewhere [27] . The experimental t (11, 22) hESC line is able to self-renew in vitro while remaining undifferentiated, demonstrating a typical hESC line morphology, and to express pluripotent markers, such as Oct4 Nanog and SSEA-3 ( Fig. 2 [24] ).
hESC cultures were grown on feeder cell layers of mitomycin C-inactivated treated mouse embryonic fibroblasts (MEFs) and cultured in hESC media (knockout [KO] DMEM supplemented with 20 % KO serum replacement, 1 % nonessential amino acids, 1 mM l-glutamine, 0.5 % insulin transferrin-selenium, 50 U/mL penicillin, 50 mg/mL streptomycin, 0.1 mM beta-mercap toethanol, and 8 ng/mL bFGF). Cells were cultured at 37°C in a humidified incubator with 5 % CO 2 .
Differentiation into trophoblasts
To induce trophoblast differentiation, undifferentiated hESCs were passaged with collagenase type IV and plated on 6-well plates coated with matrigel in a density of 80-100,000 cells per well. The attached cells were cultured in MEF-conditioned medium composed of KO-DMEM (Gibco, Surrey, UK), supplemented with 20 % KO serum replacement (Gibco), 1 % non-essential amino acids (Biological Industries), 1 mM l-glutamine (Biological Industries), 0.5 % insulin-transferrin-selenium (Invi trogen, Paisley, UK), 50 U/mL penicillin and 50 mg/mL streptomycin (Biological Industries), and 0.1 mM betamercaptoethanol (Sigma-Aldrich) supplemented with 8 ng/mL bFGF for 2 days. The cells were then treated with feeder free-conditioned medium supplemented with 100 ng/mL human BMP4 (R&D).
Endometrial cells and steroid treatment
The ECC1 endometrial cell line was treated with 17 β-estradiol (OE2, 10 −8 M) for 24 h, followed by OE2 (10 −8 M) and medroxyprogesterone acetate (MPA, 10
for an additional 24 h.
Gene expression analysis by quantitative real-time PCR (qRT-PCR)
Total RNA was extracted using TRIzol reagent (SigmaAldrich) and decontaminated by DNAseI (Invitrogen). RNA (300 ng-1 μg) was reversed transcribed using the Superscript III First-Strand Synthesis System for RT-PCR (Invitrogen).
RT-PCR was performed using SYBR green (ThermoScientific and Quanta Biosciences). Relative transcript levels (ΔΔCt) were calculated relative to GAPDH. All primer pairs were checked for specificity and calibrated to ensure high efficiency (list of primers, Supplementary Table 1) .
Trophoblast vesicle (TBV) formation
The hESCs were differentiated into trophoblasts by BMP4 treatment (as described above) for 7 days. On day 7 of differentiation, the cells were detached from the plates by scraping, resuspended in hESC medium, and transferred into an uncoated 6-well plate which was placed in an incubator [28] .
Attachment assay
Control and translocated trophoblast vesicles, with similar morphological features (i.e., size and shape), were transferred to a 96-well dish coated with steroid-treated endometrium cells (plated with a density of 12*10 4 ECC1 cells per well), one TBV in each well, to allow their attachment. These cultures were incubated undisturbed at 37°in a 5 % CO 2 humidified chamber. Following 48 h of incubation, the cultures were washed several times with PBS, and the number of attached vesicles was counted.
Invasion assay
The hESCs were counted and plated on matrigel-coated 6.5-mm trans-well inserts with polycarbonate membrane filters (Corning). The inserts were placed in 24-well plates containing 500-μL hESC medium, and the cells were cultured in 150-μL hESC medium and treated with BMP4. The cells on the upper side of the trans-well were removed by a cotton swab on days 2, 4, 6, 8, and 10. The invaded cells on the bottom side of the trans-well were stained with DAPI, and 5-6 representative fields were photographed by a florescence microscope (Olympus IX51). Fluorescent intensity was calculated by the ImageJ software.
Statistical analysis
Gene expression values were compared by one-tailed Student's t test using SPSS version 19. The attachment rate of the TBVs to the endometrium cells was compared by the Chi square test. Differences at P < 0.05 were considered significant.
Results
The expression of extravillous trophoblast genes in trophoblastic vesicles derived from hESCs
We had previously shown that trophoblasts which were derived in vitro from translocated hESC display decreased and delayed secretion of β-hCG compared to controls [24] . In the current study, we differentiated these t(11;22) hESCs into TBVs in the presence of BMP4 [see Materials and methods "Trophoblast vesicles (TBVs) formation"] in order to model the early stages of implantation of translocated blastocysts. Our results showed that control TBVs continued to secrete β-hCG even after 7 days in suspension (data not shown). The TBVs were further analyzed for the EVT genes (MMP9, laeverin, PAPPA2, ADAM19, CD9, and TIMP2), which had previously been shown to be expressed in EVT derived from human first-trimester trophoblasts [29] and from BMP4-treated hESCs [30] (Fig. 1a, b) . The expression of most EVT genes (MMP9, laeverin, PAPPA2, ADAM19, and TIMP2) was significantly increased upon differentiation into TBVs in both control and translocated cells. However, their increase in the control TBVs was significantly higher than in the translocated TBVs (see MMP9, Laeverin, and PAPPA2 in Fig. 1a) . In contrast, ADAM19, CD9, and TIMP2 were significantly upregulated in the translocated cells compared to the control TBVs (Fig. 1b) . These results demonstrated an aberrant expression of EVT genes in translocated TBVs.
Attachment of trophoblastic vesicles to endometrial cells
In order to further explore the reason for implantation failure in t(11;22) hESCs, we performed a functional attachment assay by evaluating the attachment potential of TBVs to endometrial cells. TBVs were plated on hormone-treated ECC1 endometrial cells, and the number of attached translocated TBVs was significantly lower than that of controls (P < 0.01) (Fig. 2c) .
Invasion potential of trophoblast cells
In order to compare the invasiveness of translocated-derived trophoblasts to that of control trophoblasts, hESCs were plated on matrigel-coated trans-well inserts and exposed to BMP4 trophoblast differentiation conditions. The translocated cells invaded the matrigel-coated membrane less efficiently, i.e., the invasiveness was delayed concomitant with the decreased number of trophoblasts invading the membranes (Fig. 3) .
Discussion
Carriers of balanced t(11;22), the most common reciprocal translocation in humans, are at high risk of creating gametes with unbalanced translocations, leading to RIFs. RIFs can be caused by the improper development of either the ICM, which gives rise to all the embryonic tissues, or the trophectoderm, which creates the extra-embryonic tissues. We derived the first hESC line carrying unbalanced t (11;22) and showed that its ability to differentiate into trophoblasts is impaired, as evidenced by reduced and delayed secretion of β-hCG concomitant with impaired expression of the trophoblastic genes CDX2, KRT7, GCM1, PPARG, KLF4, TP63, and CGA [24] .
In the current work, we showed that TBVs derived from control hESCs secreted β-hCG and expressed EVT genes as expected from functioning trophoblast cells, as was recently shown by Yin-Lau Lee et al. [31] . β-hCG levels were not measured in the TBVs derived from the translocated line. TBVs differentiated from the translocated hESCs displayed impaired expression of EVT genes, and the number of attached TBVs to endometrium cells was significantly lower compared to the controls. Correspondingly, invasiveness of translocated trophoblast cells was also significantly lower than that of controls.
Trophectoderm is the first differentiated cell type that already appears in the preimplantation mammalian embryo. It differentiates to the trophoblast lineage and contributes to implantation and to formation of the placenta. We now created, [32] , in an attempt to model the outer layer of blastocysts, i.e., the trophectoderm, and to compare their trophoblast molecular and functional properties. We examined the expression of six trophoblastic genes: MMP9, a positive regulator of trophoblast invasiveness [33] ; laeverin, a specific cell surface marker for human EVT which plays a regulatory role in EVT migration [34] ; PAPPA2, a pregnancy-associated plasma protein A (PAPP-A) which is highly expressed by human placental trophoblasts [35] ; ADAM19 metallopeptidase domain 19 which is a ligand recognized by NK cells; CD9, an EVT-specific marker which is expressed in trophoblast-enriched decidua [29, 30] and encodes to protein functions in many cellular processes, including differentiation, adhesion, and signal transduction [36] ; and TIMP2, a primary product of the decidua which controls EVT invasion [37] . All six genes were previously shown to be expressed in human trophoblast cells, as well as in EVTs during migration and invasion as part of the implantation process [29, 30] .
Our results showed that control TBVs expressed EVT genes, indicating the existence of EVT-like cells. These EVT genes, however, were differentially expressed between the translocation and the control TBVs. The abnormal expression of the EVT genes in the translocated cells may indicate that the differentiation of these cells into EVTs is impaired. It is important to mention that all of these genes were found to be highly expressed in purified first-trimester trophoblasts [29] and that only some of them were expressed in BMP4-treated hESCs (ADAM19, PAPPA2, and TIMP2) [30] .
The process of implantation begins in the second week of embryo development and includes apposition of the blastocyst to the uterine wall and stable adhesion to the uterine epithelium followed by invasion. The invasion process starts with the penetration of the syncytiotrophoblasts through the uterus epithelium and ends by the infiltration of cytotrophoblasts and EVTs into the endometrium [38] . The early stages of implantation had been examined by analyzing the attachment of mouse embryos or spare human in vitro fertilization embryos to endometrial cells (either primary cells extracted from endometrial biopsies or endometrial cell lines) as well as the attachment of trophoblast spheroids [31, [39] [40] [41] [42] . Our current model, in which hESCs were differentiated into TBVs, enabled us to study early stages of implantation in WT and mutated embryos and, by doing so, to explore the reasons for implantation failure in chromosomal translocation. Our results showed that most TBVs from both t (11;22) and control hESCs were capable of attaching to hormone-treated ECC1 endometrial cells. Nevertheless, the number of attached t(11;22) TBVs was significantly lower than that of the controls. These findings indicate that translocated cells have an impaired capacity to attach to endometrial cells, which can suggest a possible reason for RIF of unbalanced translocated embryos.
This model is based on hESCs carrying the natural translocaton, and it is currently the only human in vitro model for RIFs in translocation carriers. Models for attachment and invasiveness generally make use of co-culture systems of embryos plated on endometrial epithelial or stromal cells in order to mimic the complex three-dimensional tissue architecture of the implantation site. However, application of this model in humans is limited due to the scarcity of human embryos for research, whereupon most studies use either mouse embryos or human trophoblast spheroids [13, [43] [44] [45] [46] . Such co-culture trans-well systems have been employed to explore the paracrine effect of trophoblast-and endometrial stromal cellsecreted factors on the invasive capability of trophoblast cells [44] . The trans-well model systems (endometrial-coated filter inserts) comprise an excellent model for trophoblast invasion and endometrial epithelial/stromal cell interaction [47, 48] in which the number of invaded trophoblast cells through the endometrium can be quantified [13] . Telugu et al. used the matrigel invasion assay in order to test whether BMP4-treated hESCs contain a population of mobile, potentially invasive trophoblasts [39] . Using this invasion model but with our unique translocated hESC line, we were now able to show that trophoblasts that had differentiated from t(11;22) hESCs migrate and invade the trans-well system significantly less efficiently compared to the controls. Taken together, the results of migration and the invasion assay imply that implantation of translocated cells is impaired.
In conclusion, unbalanced t(11;22) hESCs demonstrated impaired differentiation into all types of trophoblast cells, i.e., cytotrophoblasts, syncytiotrophoblasts, and (most likely) extravillous trophoblasts. The functional properties of translocated trophoblasts were reduced compared to control cells, which may explain implantation failure of unbalanced t(11;22) embryos. However, since direct differentiation was shown only for the trophoblast lineage, we cannot rule out the possibility that abnormal development of other lineages could also contribute to the miscarriages of unbalanced embryos. In addition, we are aware that the limitation of this work is that it was done on only one variant of only one translocation. This is due to the scarcity of translocated hESC lines. At the same time, the translocation t(11;22) is the most frequent balanced translocation in the human population. Further studies on hESC lines with different variants of different translocations are needed to validate our conclusion that the correlation between impaired trophoblast differentiation and implantation failure also applies to other translocations.
